Striatal neuron death in Huntington's disease is associated with abnormal mitochondrial dynamics and functions. However, the mechanisms for this mitochondrial dysregulation remain elusive. Increased accumulation of Huntingtin-associated protein 40 (HAP40) has been shown to be associated with Huntington's disease. However, the link between increased HAP40 and Huntington's disease remains largely unknown. Here we show that HAP40 overexpression causes mitochondrial dysfunction and reduces cell viability in the immortalized mouse striatal neurons. HAP40-associated mitochondrial dysfunction is associated with reduction of adhesion regulating molecule 1 (ADRM1) protein. Consistently, depletion of ADRM1 by shRNAs impaired mitochondrial functions and increased mitochondrial fragmentation in mouse striatal cells. Moreover, reducing ADRM1 levels enhanced activity of fission factor dynamin-related GTPase protein 1 (Drp1) via increased phosphorylation at serine 616 of Drp1 (Drp1 Ser616 ). Restoring ADRM1 protein levels was able to reduce HAP40-induced ROS levels and mitochondrial fragmentation and improved mitochondrial functions and cell viability. Moreover, reducing Drp1 activity by Drp1 inhibitor, Mdivi-1, ameliorates both HAP40 overexpression-and ADRM1 depletion-induced mitochondrial dysfunction. Taken together, our studies suggest that HAP40-mediated reduction of ADRM1 alters the mitochondrial fission activity and results in mitochondrial fragmentation and mitochondrial dysfunction.
Introduction
Mitochondria play key roles in cell survival by controlling energy metabolism, Ca 2+ homeostasis, and apoptosis pathways. The defects in mitochondrial functions are the common pathological features shared by many neurodegenerative diseases. For example, impaired mitochondrial dynamics and interaction of dynamin-related protein 1 (Drp1, a mitochondrial fission factor) with amyloid beta have been found in neurons of patients with Alzheimer's disease [1] . In the case of Charcot-Marie-Tooth disease, mutation in the mitochondrial fusion factor, mitofusin 2 (Mfn2), induces axon degeneration that is correlated with disruption of mitochondrial positioning within axons [2, 3] . Mutation in another mitochondrial fusion factor optic atrophy 1 (OPA1) is associated with the autosomal dominant optic atrophy [2] [3] [4] . Therefore, mitochondrial functions are important to maintain neuronal health and functions.
Huntington's disease (HD) is an autosomal dominant neurodegenerative disorder characterized by severe motor and cognition dysfunction [5] . Defects in mitochondrial functions and onset of oxidative stresses are detected in brains of HD patients [6] [7] [8] . Additionally, a great number of studies have demonstrated that mitochondrial dysfunction lead to cell demise in both cell and animal models of HD [9] . The structure and function of the mitochondrial network is regulated by mitochondrial biogenesis, fission, fusion, transport and degradation. It has been shown that abnormal mitochondrial dynamics including fission, fusion, and mitochondrial permeability transition are associated in striatum and frontal cortex of HD patients [10] . In addition, interaction of mutant Htt with Drp1 increases the
Ivyspring International Publisher
GTPase activity of Drp1 that subsequently results in abnormal mitochondrial dynamics, defective anterograde mitochondrial movement, and synaptic deficiencies [1, 10, 11] . These data infers that mitochondrial dysfunction is associated with the pathophysiology of HD. However, what specific aspects of mitochondrial functions are affected in HD and how HD-induced mitochondrial dysfunction is different from those associated with other neurodegenerative diseases remain largely unclear.
The onset of HD is linked to an expansion of the CAG repeats in interesting transcript 15 (IT15) gene that leads to an abnormally long poly glutamine (PolyQ) tract at the N-terminus of the encoded huntingtin (Htt) protein [12] . Huntingtin is a large ubiquitously 350-kDa protein that is expressed predominately in cytosol and associates with microtubules and various vesicles including endoplasmic reticulum, mitochondria and synaptic vesicles [13] [14] [15] [16] [17] . The polyQ stretch of mutant Htt has been shown to be important to interact with proteins involved in endocytosis, neuronal transport processes, and postsynaptic signaling [18] . Among these interacting proteins, HAP40 (Huntingtin Associated Protein of 40 kDa) is a 40-kDa cytosolic protein with unknown cellular function [19] whose levels are elevated in the mouse STHdh Q111/Q111 striatal cells and fibroblasts and brain tissue of HD patients [20] . The Huntingtin-HAP40 complex has been reported to modulate binding of Rab5, a small guanosine triphosphate hydrolase, to cytoskeletal fibers that subsequently affects early endosome motility [20, 21] . Despite these observations, the molecular mechanism connecting HAP40 and HD pathology remains largely unclear. Impaired mitochondrial functions in STHdh Q111/Q111 mutant HD cells had been reported previously [22, 23] . However, the molecular mechanism leading to the HD-associated mitochondrial defects is unclear. Our previous studies have shown that overexpression of HAP40 impairs proteasome activity and increases accumulation of mutant Htt in the striatal HD model cells [24] . Interestingly, the level of ADRM1, an ubiquitin receptor, is reduced after HAP40 overexpression. Knowing that ADRM1 is involved in mitophagy [25] , we hypothesized that HAP40-associated downregulation of ADRM1 may affect mitochondrial functions. In this study, we report that overexpression of HAP40 affects the mitochondrial dynamics, mitochondrial membrane potential, cellular ATP level, and intracellular ROS levels. In addition, HAP40-associated mitochondrial defects were associated with decreased expression of adhesion regulating molecule 1 (ADRM1). Interestingly, reduction of endogenous ADRM1 caused an increase of phosphorylated Drp1 Ser616 , the mitochondrial fission marker, and an accumulation of fragmented mitochondria. Moreover, depletion of ADRM1 reduced mitochondrial membrane potential and cellular ATP level, and increased intracellular ROS levels. On the other hand, overexpression of ADRM1 was able to reduce phosphorylated Drp1 Ser616 and alleviate HAP40-induced mitochondrial dysfunction. Moreover, inhibition of Drp1 activity ameliorates HAP40 overexpression and ADRM1 depletioninduced mitochondrial dysfunctions. Therefore, our data presented here demonstrates that HAP40 affects mitochondrial dynamics and functions at least partly through decreasing ADRM1 protein and increasing Drp1-associated mitochondrial division processes.
Results

Overexpression of HAP40 impairs mitochondrial functions in an immortalized mouse striatal neuronal cell line
Mitochondria carry out many essential cellular functions including ATP synthesis, Ca ++ homeostasis and ROS regulation. Accumulating evidence suggests that mitochondrial morphology and functions are regulated by cytoskeleton via mostly uncharacterized pathways [26] [27] [28] [29] . HAP40 modulates the binding of Rab5, a small guanosine triphosphate hydrolase, to cytoskeletal fibers that subsequently affects early endosome motility [20, 21] . Therefore, we tested whether an increasing expression of HAP40 affected mitochondrial functions by monitoring mitochondrial membrane potential, ATP content, and reactive oxygen species (ROS) levels.
To examine the effect of HAP40 overexpression on mitochondrial membrane potential, the FLAG-HAP40 protein was overexpressed in STHdh Q7/Q7 striatal cells ( Figure 1A ). The mitochondrial membrane potential was tracked by staining with JC-1. JC-1 enters mitochondria in a potential-dependent manner and displays as red color by formation of red fluorescent J-aggregates ( Figure  S1A ). As a control for depolarization, protonophore FCCP treatment depolarized the membrane potential and the vast majority of JC-1 was localized in cytoplasm as a green monomer ( Figure S1B ). As a result, red/green fluorescent intensity ratio was decreased significantly (from 1 to 0.43; p= 0.0069) ( Figure S1C ). We found that overexpression of FLAG-HAP40 caused a significant decrease in the red/green fluorescence intensity ratio (from 1 to 0.85; p= 0.038) ( Figure 1B ) in the immortalized mouse striatal STHdh Q7/Q7 cells, indicating that excess HAP40 disrupted the mitochondrial membrane potential.
To test the effect of HAP40 overexpression on the mitochondrial-related energy metabolism, the intracellular ATP content was measured in the STHdh Q7/Q7 cells transfected with the FLAG or FLAG-HAP40 construct. As shown in Figure 1C , overexpression of the HAP40 resulted in a significant decrease in the overall ATP content (from 1 to 0.66; p=0.0062). However, overexpression of HAP40 also led to a decrease in total cell number ( Figure 1D , from 100 to 87 %; p=0.024). To eliminate the effect of reduced cell number on ATP content, ATP level was normalized to cell number to reflect the ATP content on a per cell basis. As shown in Figure 1E , cellular ATP level was reduced by approximately 31% in cells overexpressing HAP40 (from 100 to 69 %; p= 0.033) ( Figure 1E ), supporting the effect of HAP40 on ATP homeostasis.
Defective mitochondrial functions are associated with an accumulation of ROS [30] . Therefore, we asked whether the HAP40-associated mitochondrial defects described above are also associated with increased intracellular ROS levels. The ROS levels were monitored in the STHdh Q7/Q7 cells overexpressing FLAG-HAP40
protein.
Comparing to FLAG-expressing control cells, FLAG-HAP40 overexpressed cells greatly increased the percentage of cells with positive ROS signals (from 30 to 48%; p=0.0069) ( Figure 1F ). Taken together, our data demonstrated that overexpression of HAP40 led to a decrease in mitochondrial membrane potential and ATP level; and an increase in intracellular ROS level.
Overexpression of HAP40 leads to mitochondrial fragmentation
Mitochondrial network undergoes constant morphological changes that are directly relevant to their functional status and energy metabolism [31] . Keeping the appropriate ratio of mitochondrial morphology state is therefore essential for mitochondrial functions [32, 33] . It has been shown that decreased mitochondrial membrane potential and energetics is linked to fragmented mitochondria [34, 35] , which subsequently induce an increase in ROS levels [36, 37] . Therefore, we tested whether overexpression of HAP40 also leads to alteration of mitochondrial morphology.
Mitochondria in tubular, intermediate, and fragmented shapes (Figure 2A-C) can be used as the readouts for normal and fragmental mitochondria when mitochondrial size, a common indicator for mitochondrial state, can not be readily measured due to its great number [23, 38, 39] . In wild-type STHdh Q7/Q7 cells, approximately 25% of total cells contained tubular mitochondria and approximately 13% of cells contained fragmented mitochondria (black bars in Figure S2 ). By comparison with the STHdh Q7/Q7 cells, there was a significant increase in the percentage of cells with fragmented mitochondria (from 13 to 31%; p=0.0069) with concurrent reduction of cells with tubular mitochondrial morphology in the STHdh Q111/Q111 cells expressing mutant Htt protein (from 25 to 13%; p=0.024) ( Figure S2 ). Therefore, in line with the previous study [23] , the percentage of fragmented mitochondria was increased in mutant HD striatal cells. Results from three independent experiments were subjected to statistical analysis. Data are represented as mean ± SEM. Data showing significant differences with P < 0.05 are labeled with one asterisk (*); with P < 0.01 are labeled with two asterisks (**); with P < 0.005 are labeled with three asterisks (***); N.S., no significance.
To test the effects of HAP40 overexpression on mitochondrial morphology, mitochondria were monitored in STHdh Q7/Q7 striatal cells co-transfected with either the FLAG or FLAG-HAP40 construct together with mito-eGFP plasmid. In STHdh Q7/Q7 striatal cells transfected with the FLAG construct, approximately 30% of total cells contained tubular mitochondria and approximately 8% of cells contained fragmented mitochondria. Comparing to the FLAG-expressing control cells, overexpression of FLAG-HAP40 greatly increased the percentage of cells with fragmented mitochondria (from 8 to 32%; p=0.0033) with concurrent reduction of cells with tubular mitochondrial morphology (from 30 to 13%; p=0.027) ( Figure 2D ).
The effect of HAP40 overexpression on mitochondrial morphology was also examined in primary mouse neurons. As opposed to striatal cells, mitochondria are sparsely distributed in neurites of primary neurons so that mitochondrial length was instead determined to reflect the state of mitochondrial morphology [40] . Comparing to mCherry-expressing control cells ( Figure 2E ), overexpression of HAP40 decreased the average length of mitochondria (from 3.4 µm to 1 µm; p= 0.0088) ( Figure 2F and 2G). The percentage of mitochondrion with a length between 3-5 µm decreased from 76% in control cells to 3% in HAP40-mCherry-expressing cells (p= 0.0038) ( Figure  2H ). Concurrently, the percentage of mitochondrion with a length shorter than 1 µm increased from 1% in control cells to 84% in HAP40-mCherry-expressing cells (p= 0.0027) ( Figure 2H ). Taken together, our data indicate that overexpression of HAP40 results in an increase in the number of fragmented mitochondria in immortalized mouse striatal neuron cells and primary mouse neurons.
Overexpression of HAP40 increases the levels of total Drp1 protein and phosphorylated Drp1 Ser616
To dissect the specific effects of excess HAP40 on mitochondrial functions, we investigated whether regulatory proteins required for mitochondrial dynamics were affected by excess HAP40 expression in STHdh Q7/Q7 striatal cells. As shown in Figure 3A , overexpression of HAP40 did not affect the protein levels of mitochondrial fusion factors Mfn1, Mfn2 and OPA1 ( Figure 3A ). Protein quantification analysis also validated the results of Western blotting (p> 0.05) ( Figure 3B-D) . Therefore, overexpression of HAP40 does not affect the major components required for mitochondrial membrane fusion. However, the level of Drp1, a GTPase required for fission of mitochondrial outer membrane, was increased by approximately 38% when HAP40 was overexpressed (from 1 to 1.38; p=0.037) ( Figure 3A , and 3E). Because Drp1-mediated fission activity is increased through phosphorylation of Drp1 at Ser616 [41] [42] [43] , we then asked whether Drp1-mediated fission activity was also enhanced in the presence of excess HAP40 by examining Drp1 Ser616 phosphorylation. Phosphorylated Drp1 Ser616 was increased by approximately 41% when HAP40 was overexpressed (from 1 to 1.41; p=0.045) ( Figure 3A , and 3F). On the other hand, neither the levels of Drp1 receptor mitochondrial fission 1 (Fis1) nor mitochondrial scaffold protein prohibitin-1 (PHB1) were affected in HAP40-overexpressing cells (p> 0.05) ( Figure 3A , and 3G-H). The effect of HAP40 on mitochondrial fission seems to be Drp1 specific because proteins that have been found to facilitate fission such as Parkin (an ubiquitin E3 ligase) [44] and Parkin activator-PTEN-induced putative kinase 1 (PINK1) were not affected by overexpression of HAP40 (p> 0.05) ( Figure 3A , and 3I-J). 
Reduction of ADRM1 results in mitochondrial dysfunction
Previous report has shown that the proteasome ubiquitin receptor ADRM1 negatively regulates Parkin, implicating a potential role of ADRM1 in mitochondrial homeostasis [25] . However, the effects of ADRM1 on mitochondrial functions and morphology have not been characterized. Overexpressing HAP40 caused reduction of ADRM1 protein in STHdh Q7/Q7 striatal cells (from 1 to 0.82, p= 0.048) ( Figure 3A and 3K). Similarly, overexpression of HAP40 led to reduction of ADRM1 protein in N2a, HeLa and SK-N-SH cell lines ( Figure S3A , 3J, 4A, and 4H). As a result, we hypothesized that HAP40 affects mitochondrial functions and morphology through ADRM1 and investigated the requirement of ADRM1 on mitochondrial functions and morphology in STHdh Q7/Q7 striatal cells.
To test this, two shRNAs engineered to target two independent regions of the ADRM1 mRNA Figure 4A , and 4B). Consistent with the previous report [25] , reducing ADRM1 increased the Parkin protein levels (from 1 to 1.5, and 1.35; p=0.036, and p=0.031, respectively) ( Figure 4A , and 4C). In addition, reducing ADRM1 also increased levels of phosphorylated Drp1 Ser616 , a mitochondrial fission marker (from 1 to 1.29, and 1.38; p=0.048, and p=0.016, respectively) without affecting the levels of total Drp1 ( Figure 4A , and 4D-F). Similar to HAP40 overexpressing cells, there was no detectable change on mitochondrial fusion factor Mfn1 protein in ADRM1 shRNA knockdown cells ( Figure 4A and 4G). Taken together, our results provide evidence that ADRM1 regulates Parkin-and Drp1-dependent fission activity to regulate the mitochondrial functions. The effects of reduction of endogenous ADRM1 protein on mitochondrial membrane potential were monitored by the JC-1 stained ADRM1 shRNA knockdown cells. Reducing ADRM1 levels decreased the ratio of red/green fluorescence intensity in STHdh Q7/Q7 striatal cells depleting of ADRM1 (from 1 to 0.77; p=0.034, and from 1 to 0.85; p=0.032, respectively) ( Figure 5A ), indicating that ADRM1 is important to maintain mitochondrial membrane potential. The mitochondrial energy metabolism represented by the intracellular ATP content was also examined in ADRM1 shRNA knock-down cells. Reducing ADRM1 protein caused a significant decrease in overall ATP levels in STHdh Q7/Q7 striatal cells (from 1 to 0.87, and 0.87; p=0.0061, and p=0.0069, respectively) ( Figure 5B ) and total cell number (from 100 to 85 %, and 83%; p=0.0066, and p=0.0053, respectively) ( Figure 5C ). After normalization to the cell number, however, the cell-based ATP levels were similar in control and ADRM1-reducing cells (p> 0.05) ( Figure 5D ). Therefore, reducing approximately 50% of ADRM1 has no effect on the ATP-related energy metabolism.
Cellular accumulation of ROS was also examined in cells depleted for ADRM1. By comparison with the pLKO.Luc. transfected control cells, pLKO.ADRM1 #1 and pLKO.ADRM1 #2 transfected cells greatly increased the percentage of cells with positive ROS signal (from 28 to 38%, and 36%; p=0.036, and p=0.042, respectively) ( Figure 5E ). Since reducing ADRM1 protein led to increase in mitochondrial fission markers and mitochondrial dysfunction, the effect of ADRM1 on mitochondrial morphology was also examined. The mito-eGFP construct was co-transfected with pLKO.Luc control or ADRM1 knockdown shRNA plasmids in STHdh Q7/Q7 striatal cells. By comparison with pLKO.Luc transfected control cells, ADRM1 levels caused an increase in the percentage of cells with fragmented mitochondria (from 20 to 28%, and 28%; p=0.019, and p>0.05, respectively) and a concurrent decrease in cells with tubular mitochondria (from 27 to 21%, and 20%; p=0.039, and p=0.047, respectively) ( Figure 5F ). These data indicates that ADRM1 is required for maintaining the proper state of mitochondrial morphology. Taken together, we conclude that ADRM1 is important to maintain the mitochondrial membrane potential, ROS homeostasis and mitochondrial morphology.
Overexpression of ADRM1 rescues HAP40-induced mitochondrial dysfunction
Because ADRM1 is required to maintain normal mitochondrial functions and dynamics ( Figure 5 ), we reasoned that the downregulation of ADRM1 in HAP40 overexpressing cells probably contributed to the mitochondrial dysfunction. If this is the case, increasing ADRM1 protein in cells overexpressing HAP40 would have restored mitochondrial functions. To test this, the ADRM1 (FLAG-ADRM1) protein was co-overexpressed with FLAG-HAP40 in STHdh Q7/Q7 striatal cells ( Figure 6A ). The effect of increasing ADRM1 expression on mitochondrial membrane potential was monitored by JC-1 staining. Overexpression of ADRM1 alone did not affect mitochondrial membrane potential (p > 0.05) ( Figure  6B ). However, overexpression of the ADRM1 improved mitochondrial membrane potential in STHdh Q7/Q7 striatal cells overexpressing HAP40 as indicated by the increased ratio of red/green fluorescence intensity (from 1 to 1.29; p = 0.02) ( Figure  6C ). These results indicate that an increased expression of ADRM1 relieves HAP40-induced depolarization of mitochondrial membrane potential.
The effect of ADRM1 overexpression on intracellular ATP content was also monitored in cells overexpressing HAP40. Overexpression of the ADRM1 increased the total ATP content in STHdh Q7/Q7 striatal cells overexpressing HAP40 (from 1 to 1.27; p=0.047) ( Figure 6D ). In addition, overexpression of ADRM1 increased the cell proliferation as indicated by the total cell number (from 100 to 117 %; p=0.033) ( Figure 6E) . However, the cell number-normalized ATP levels were not affected significantly in cells overexpressing HAP40 and ADRM1 simultaneously ( Figure 6F) . The intracellular ATP level was not affected by overexpression of ADRM1 alone (p> 0.05) ( Figure 6F ).
The effect of increased ADRM1 protein expression on accumulation of ROS in HAP40 overexpressing striatal cells was also monitored. By comparison with the FLAG-expressing control cells, overexpression of FLAG-ADRM1 decreased the percentage of cells with ROS signal in HAP40 overexpressing cells (from 48 to 40%; p=0.019) ( Figure  6G ).
Next, we tested the ability of ADRM1 to relieve the HAP40-associated morphology defects. Overexpression of ADRM1 alone did not have any significant effect on overall mitochondrial morphology (p> 0.05) ( Figure 6H ). Comparing to cells overexpressing FLAG-HAP40 alone, simultaneous overexpression of FLAG-ADRM1 and FLAG-HAP40 significantly decreased the percentage of cells with fragmented mitochondria (from 40 to 23%; p=0.029) and increased the percentage of cells with tubular mitochondria (from 11 to 21%; p=0.034) ( Figure 6I ). Taken together, our data shows that overexpression of ADRM1 ameliorates HAP40-induced mitochondrial dysfunction by improving mitochondrial membrane potential, decreasing intracellular ROS levels, and reducing mitochondria fragmentation. However, overexpression of ADRM1 has no effects on HAP40-induced imbalance of the intracellular ATP.
ADRM1 overexpression decreases the levels of phosphorylated Drp1 Ser616 in HAP40-expressing cells
We were interested in understanding whether ADRM1 improved HAP40-induced mitochondrial defects by adjusting fission activity through Drp1-dependent pathway. The levels of Drp1 proteins were monitored in STHdh Q7/Q7 striatal cells overexpressing ADRM1 in the presence or absence of excess HAP40. In HAP40 overexpressing cells, overexpression of ADRM1 caused a decrease in level of phosphorylated Drp1 Ser616 but had no significant effect on total Drp1 protein levels (from 1 to 0.7, and 1; p =0.041, and p>0.05, respectively) ( Figure 7A , and 7B-D). This indicates that restoring ADRM1 in HAP40 overexpressing cells was able to reduce phosphorylated Drp1 Ser616 and alleviate mitochondrial defects. Overexpression of ADRM1 alone had no effect on the total Drp1 protein levels or its phosphorylated form (p > 0.05) ( Figure 7A , and 7B-C). Taken together, our results show that ADRM1 regulates Drp1-dependent mitochondrial fission activity to alleviate HAP40-induced mitochondrial fragmentation. 
Inhibition of Drp1 alleviates HAP40 overexpression-induced mitochondrial dysfunction
To test the causal effect of Drp1 on HAP40-associated mitochondrial defects, Mdivi-1, a specific Drp1 inhibitor that has been show to inhibit mitochondrial fission [39, 45, 46] , was used to inhibit Drp1 activity in HAP40 overexpressing STHdh Q7/Q7 striatal cells. If Drp1 plays a major role in causing mitochondrial defects in HAP40 overexpressing cells, it is predicted that reducing Drp1 activity would alleviate the mitochondrial defects. Indeed, adding 50 µM but not 25 µM of Mdivi-1 to cells overexpressing HAP40 caused a significant decrease in the percentage of cells with fragmented mitochondria (from 34 to 18%; p=0.032) and increased the percentage of cells with tubular mitochondria (from 14 to 30%; p=0.037) comparing to non-treated cells ( Figure 8A ). Therefore, Mdivi-1 treatment is able to reverse HAP40-induced mitochondrial morphology defects.
Next, we investigated whether Mdivi-1 treatment could restore mitochondrial functions in cells overexpressing HAP40. The effect of Mdivi-1 on mitochondrial membrane potential was monitored by JC-1 staining. As expected, overexpression of HAP40 resulted in reduction of the mitochondrial membrane potential (from 1 to 0.79; p=0.029) ( Figure 8B ). Fifty µM of Mdivi-1 treatment, on the other hand, resulted in significant increase in mitochondrial membrane potential as indicated by the increased ratio of red/green fluorescence intensity (from 0.79 to 1.11; p=0.035) ( Figure 8B ). Twenty-five µM of Mdivi-1 treatment also increased mitochondrial membrane potential but with less extent (from 0.79 to 1.06; p=0.042) ( Figure 8B ). These results support that Mdivi-1 mediated reduction of Drp1 activity is able to relieve HAP40-induced depolarization of mitochondrial membrane potential.
The effect of Mdivi-1 on accumulation of ROS in HAP40 overexpressing striatal cells was also monitored. As expected, HAP40 overexpression led to accumulation of ROS level (from 25 to 42%; p=0.0089). Mdivi-1 treatment, on the other hand, caused decrease in the percentage of cells with ROS signal in HAP40 overexpressing cells (from 42 to 32%, and 32%; p=0.047, and p=0.041, respectively) ( Figure 8C) .
Taken together, our data provides compelling evidence that Drp1 plays an important role in HAP40-induced mitochondrial dysfunctions and reducing Drp1 activity is able to restore mitochondria functions by reducing mitochondria fragmentation, improving mitochondrial membrane potential, and decreasing intracellular ROS levels.
Mdivi-1 treatment relieves mitochondrial dysfunction caused by down-regulation of ADRM1
Similar to cells overexpressing HAP40, reduction of endogenous ADRM1 also caused an increase in both phosphorylated Drp1 Ser616 level and mitochondrial fragmentation. Because Mdivi-1 treatment could ameliorate HAP40-induced mitochondrial dysfunction, we were interested in testing the ability of Mdivi-1 to restore ADRM1 depletion-induced mitochondrial dysfunctions. Figure 9A and 9B) . Thus, Mdivi-1 treatment is able to restore ADRM1 depletion-induced mitochondrial morphology defects.
Next, we investigated whether Mdivi-1 treatment could restore mitochondrial functions in cells depleted for ADRM1. As expected, reduction of ADRM1 caused reduction of the mitochondrial membrane potential (from 1 to 0.88, and 0.89; p=0.042, and p=0.046, respectively) ( Figure 9C ). Adding 50 µM, but not 25 µM, of Mdivi-1 resulted in significant increase of mitochondrial membrane potential as indicated by the increased ratio of red/green fluorescence intensity (from 0.88 to 1.11; p=0.039, and from 0.89 to 1.01; p=0.048, respectively) ( Figure 9C ). These results supports that Mdivi-1 mediated reduction of Drp1 is able to alleviate HAP40-induced depolarization of mitochondrial membrane potential.
The effect of Mdivi-1 treatment on accumulation of ROS in ADRM1 depleting striatal cells was also monitored. Consistently, depletion of endogenous ADRM1 caused an increase of ROS level (from 25 to 36%, and 35%; p=0.040, and p=0.046, respectively) ( Figure 9D ). Inhibition of Drp1 by 50 µM Mdivi-1, however, led to reduction in the percentage of cells with ROS signal in HAP40 overexpressing cells depleting of ADRM1 protein (from 36 to 27%; p=0.038, and from 35 to 26%; p=0.046, respectively) ( Figure  9D ). Taken together, our results strongly support that Drp1 plays an important role in connecting signals from excess HAP40/ reduced ADRM1 to mitochondrial functions. 
Discussion
HAP40 is a novel protein whose level is associated with HD patients and HD model systems [20] . Our previous study has shown that overexpression of HAP40 is able to aggravate accumulation of mutant Htt aggregates [24] . Here, we report that overexpression of HAP40 results in mitochondrial fragmentation and causes defective mitochondrial functions. Mitochondrial fragmentation is usually caused by hyperactive fission or impaired fusion. Phosphorylation of the Drp1 at Serine 616 residue by the mitotic cyclin-dependent protein kinase has been found to facilitate its translocation to the fission sites and regulates constriction and severance of mitochondrial membranes in a GTP hydrolysis-dependent mechanism during mitochondrial fission processes [42, [47] [48] [49] [50] . Importantly, overexpression of HAP40 leads to increase in phosphorylated Drp1 Ser616 protein levels in two human and two mouse cell lines ( Figure  3F , Figure S3F , S4D and S4E), suggesting Drp1 is the key target of HAP40-associated mitochondrial defects. This notion is further supported by two lines of evidence. 1) Overexpression of ADRM1 is able to reduce phosphorylated Drp1 Ser616 protein level and relieves HAP40 overexpression-induced mitochondrial defects ( Figure 6 and 7) , and 2) reducing Drp1 activity through Mdivi-1 treatment is sufficient to alleviate multiple mitochondrial defects in striatal cells overexpressing HAP40 (Figure 8) . Moreover, reducing Drp1 activity is equally sufficient to alleviate multiple mitochondrial defects caused by reduction of ADRM1 (Figure 9 ), which is negatively regulated by HAP40 [24] . Taken together, our results provide compelling evidence to elucidate the HAP40-ADRM1-Drp1 pathway in regulating mitochondrial functions.
How does increasing HAP40 protein/ decreasing ADRM1 protein trigger phosphorylation of Drp1 and subsequent Drp1-associated fission activity? Increased ROS levels in both cases seem to provide a potential link. It has been shown previously that elevated ROS accumulation causes mitochondrial fragmentation and dysfunction [51] [52] [53] [54] [55] . Also, ROS production stimulates the Drp1 activity and enhances mitochondrial translocation of Drp1, providing a mechanism for ROS-induced mitochondrial fragmentation [56, 57] . Therefore, we hypothesize that increasing HAP40 protein levels causes decrease in ADRM1, which led to increase in ROS and potentially subsequent Drp1-related mitochondrial defects. The detailed mechanism still remains to be determined.
Increased ROS has been reported to activate MAP kinase pathway, including ERK, JNK and p38 kinases [57] . It is therefore possible that the increasing oxidative stress activates the MAP kinase cascade that subsequently leads to Drp1 phosphorylation and hyperactive fission-associated mitochondrial fragmentation. Drp1 phosphorylation by PKC delta has been shown to be associated with mitochondrial translocation of Drp1 under oxidative stress [57] . Alternatively, it is possible that PKC delta acts downstream of HAP40 to trigger Drp1-dependent hyperactive fission processes. Recently, the nitric oxide (NO)-induced kinase(s) has(ve) been postulated to phosphorylate Drp1 and subsequently regulate mitochondrial fission [58] . It is not yet clear whether NO plays a role in HAP40-mediated mitochondrial dysfunction and whether the same kinase is involved in NO-induced and HAP40-associated Drp1 phosphorylation. It will be of future interest to test these possibilities.
How does an increase in ADRM1 levels overcome the mitochondrial defects caused by excess HAP40? ADRM1 is an ubiquitin receptor that recruits and activates UCHL5, a de-ubiquitinating enzyme, to initiate the degradation of ubiquitinated substrates [59, 60] . ADRM1 has been shown to recruit Parkin protein to the 26S proteasome and facilitates clearance of mitochondrial proteins [37] . As the result, overexpression of ADRM1 not only reduces Parkin protein ( Figure S5 ), but also alleviates its associated defects with mitochondrial dynamics and functions that may explain its ability to mitigate the HAP40 associated mitochondrial defects. Interestingly unlike HAP40, overexpression, downregulation of ADRM1 did not affect Drp1 protein levels, indicating that the ADRM1-dependent pathway is probably one of pathways controlled by HAP40 to regulate Drp1-mediated fission process. For the ADRM1-dependent pathway, we speculate that ADRM1 may negatively regulate the unidentified kinase(s) important for Drp1 phosphorylation by recruiting such unidentified kinase(s) to the 26S proteasome. Decrease in ADRM1 level may increase the level of such kinase(s) and therefore enhance Drp1 activity and subsequent mitochondrial fission. Further experiments will be required to address these possibilities.
What is the underlying mechanism that attributes to the HAP40-associated mitochondrial dysfunction? Based on our results, we propose a working model. Elevation of HAP40 protein induces mitochondrial dysfunction by interfering with the ADRM1-dependent pathway. Reducing ADRM1 level causes an increase in Drp1-assciated mitochondrial membrane fission (as indicated by the increase in phosphorylated Drp1 Ser616 ) that subsequently alters the mitochondrial dynamics and functions. Does excess HAP40 act sorely through ADRM1 to cause mitochondrial defects? It is probably unlikely because decreasing ADRM1 alone did not completely recapitulate the effects caused by overexpression of HAP40 as cellular ATP content was not affected in ADRM1 knockdown cells. In addition, unlike downregulation of ADRM1, overexpression of HAP40 did not affect Parkin levels (Figure 3) . Similarly, HAP40-induced fragmented mitochondria did not trigger Parkin-related mitophagy, which would have occurred when ADRM1 is reduced [61] (Figure S6 ). Therefore, HAP40 does not seem to reduce ADRM1 levels in a simple and liner fashion. How does HAP40 affect ADRM1 in the HD and neuron degeneration context remains to be determined.
How does onset of HD affect HAP40 at the molecular level and what is the pathological consequence of such misregulation? Unfortunately, the published transcriptomic and proteomic analyses fail to reveal any insight into a potential mechanism [62] [63] [64] [65] . It is possible that misregulation of HAP40 occurs at the cell-or tissue-manner that is difficult to be detected in these experimental setups. Further studies will be required to address these questions.
In conclusion, our work demonstrated that an increase in HAP40 protein is sufficient to cause mitochondrial defects. In addition, our studies identified ADRM1 as the downstream effector of HAP40 and potential regulator of the mitochondrial dynamics and functions. Furthermore, negative regulation of Drp1 Ser616 phosphorylation by ADRM1 provides the potential mechanistic basis to illustrate the defects associated with excess HAP40. Identification of ADRM1 as a regulator in relieving HAP40-induced mitochondrial defects illuminates a novel opportunity for potential therapeutic strategies treating the HD patients.
Materials and Methods
Cell culture and Mdivi-1 treatment
Conditionally immortalized wild-type STHdh Q7/Q7 (Coriell ID: CH00097, RRID: CVCL_M590) striatal cell lines was purchased from Coriell (USA). The wild-type STHdh Q7/Q7 striatal cells were grown in DMEM supplemented with 10% non-heat inactivated FBS (1% Pen/Strep and 400 µg/mL G418, Geneticin) (Gibco) and incubated in a humidified chamber with 5% CO2 at 33 °C. STHdh Q7/Q7 striatal cells used in this study were maintained within 14 passages as recommended by Coriell. Mdivi-1 (Sigma) was dissolved in DMSO to make 50 mM stock solution. For the Drp1 inhibition experiments, STHdh Q7/Q7 striatal cells were incubated with 25 or 50 µM Mdivi-1 for 2 hrs before functional assays.
Primary cortical neuron culture
The animal protocol performed in this study had been approved by the Institutional Animal Care and Use Committee at National Cheng Kung University, Taiwan (IACUC Approval No: 98225, 100070, 101162, 102163, 103094 and 104067). All methods were performed in accordance with the relevant guidelines and regulations. Primary cortical cells were prepared from postnatal day 1 pup of C57BL/6 mice and cultured as described previously with minor modifications [66] . Briefly, neocortex was excised in cold HBSS (Invitrogen). For cortical neuron preparation, neocortex was digested by 0.22 µm-filtered sterilized 45U papain mixture (Worthington Biochemicals) in PBS (Invitrogen) containing DL-cysteine HCl (Sigma), bovine serum albumin (Sigma), and D-glucose (Sigma) with 0.05% DNase (Roche Diagnostics), and incubated at 37°C for 30 min. After papain digestion, neocortex was triturated 10 times in 2 ml of growth medium and plated onto wells (150,000 cells per well in 24-well dish) precoated with 0.05 µg/ml poly-D-lysine and 1µg/ml laminin (Sigma) in DMEM supplemented with 10% heat-inactivated FBS (Invitrogen). After 2 hrs of incubation, the culture medium was replaced by Neurobasal medium supplemented with 2% B27 and 1mM GlutaMAX (Gibco). The cells were incubated in the presence of 5% CO2 at 37°C for 5 days. One half of culture medium was replaced every 3 days.
Cell Transfection
STHdh Q7/Q7 striatal cells were transfected with Lipofectamine 2000 (Invitrogen) the following day after plating as recommended by the manufacture's protocol. Primary cortical neurons and cell lines were transfected with Lipofectamine 2000 (Invitrogen) after 5 day and 2 day in vitro (DIV), respectively, as recommended by the manufacture's protocol. Transfected cells were allowed to recover for 48 hours after transfection.
DNA constructs
The pMito-eGFP plasmid encodes a mitochondrial targeting sequence of human cytochrome c oxidase subunit VIII fused to GFP in peGFP-N1 vector [67] . The p3xFLAG-HAP40 plasmid was constructed by inserting a mouse HAP40 cDNA between the BglII and BamHI sites of the p3xFLAG-CMV-10 expression vector (Sigma). The pcDNA3.1 hHAP40-mCherry plasmid was constructed by inserting the human HAP40 cDNA into the pcDNA3.1 mCherry vector (gift from Dr. Roger Y. Tsien, UCSD). The pcDNA5-FLAG-ADRM1 (Addgene, plasmid catalog #19417) expression vector was purchased from the Addgene Inc. (USA). The ADRM1 knockdown vectors were purchased from the National RNAi Core Facility located at the Genomic Research Center of the Institute of Molecular Biology, Academia Sinica, Taiwan. Targeted sequence for short hairpin RNA (shRNA)-induced silencing of ADRM1#1 (Clone ID: TRCN0000125944) is 5′-CCATGCAGAACAATGCCAAAT-3′ and ADRM1#2 (Clone ID: TRCN0000125945) is 5′-GACTTGATTATCTTTCCTGAT-3′ using pLKO.1 vector. The pLKO.Luc. shRNA directed against luciferase was used as control shRNA.
Western blot analysis
Cells were washed twice with iced-cold PBS, scraped, and resuspended in lysis buffer (50 mM Tris-HCl pH 7.4, 0.1 mM EDTA, 0.15 M NaCl, 0.25% deoxycholic acid, 1% NP-40 and 0.1% SDS) containing 1:200 protease inhibitor cocktail (Sigma). After incubation on ice for 10 min, lysates were briefly sonicated and cleared by centrifugation at 17,200 × g for 15 min and stored at -80°C freezer. The protein concentration of the cell lysates was determined by the DC Protein Assay (Bio-Rad). Thirty µg of protein lysates were separated on 4-12% Bis-Tris NuPage gels (Invitrogen). Proteins were then transferred to a nitrocellulose membrane (PerkinElmer) at 4°C for 16 hrs in Tris-glycine buffer (25 mM Tris-HCl, 190 mM glycine, and 10% methanol). The membranes were washed briefly with TBS-T buffer three times, blocked with 5% nonfat milk in TBS-T buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, and 0.05% Tween 20) at room temperature for an hour, and then incubated with a primary antibody at 4°C for overnight. After washing membranes with TBS-T buffer three times with 5 min intervals, membranes were incubated with the HRP-coupled secondary antibody at room temperature for 60 min. Proteins were detected using the enhanced chemiluminescence (ECL) assay-Western Lightning® ECL Pro (PerkinElmer) and the signals were captured by GeneGnome bio imaging system (Syngene). Proteins quantification and background correction were done using the GeneTools image analysis software (Syngene).
Quantitation of mitochondrial membrane potential
The mitochondrial membrane potential was tracked by staining with JC-1, a mitochondrial membrane potential probe, and followed by flow cytometry analysis. Control cells plated in growth medium were treated with vehicle or 50 μM FCCP (Sigma Aldrich) for 30 min at 37°C, followed by incubation with 2 μM JC-1 dye (Invitrogen) for 30 min at 37°C and analyzed by FACScan (BD Biosciences, San Jose, CA, USA). Unstained cells were acquired to set the dot plot quadrants. Green JC-1 monomers or red JC-1 aggregates fluorescence signals were detected in the FL1 and FL2 channels, respectively. FACScan compensation settings were adjusted with FCCP-treated cells. Experiments were carried out in triplicate and 1 × 10 4 cells were acquired for each test sample. Mitochondrial depolarization was measured by a reduction in the red/green fluorescence intensity ratio ( Figure S1 ).
Cell-based ATP assay
Cells were cultured in 96-well plate containing 100 µl culture media. Forty-eight hrs after transfection, the intracellular levels of ATP were determined by luminescence assay with ATPlite 1
Step kit (PerkinElmer) according to the manufacturer's instructions. The total cell numbers were measured by MTT assay and the number was used to normalize the cellular ATP content. Three technical replicates were performed. Each experiment was repeated three times as biological replicates.
MTT assay
Cells were grown in a 96-well plate for 48 hrs after transfection, and then incubated with 5 mg/ml MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma) for 4 hrs at 37°C. The precipitated formazan was dissolved by incubating cells in the solubilization buffer (10% SDS with 0.01M HCl) at 37°C for overnight in a humidified chamber. The reactions were monitored at 595 nm. Cell number was measured as suggested by manufacture. Three technical replicates were performed. Quantification data were derived from three biological replicates.
Analysis of cellular reactive oxygen species levels
Cells were cultured in 6 cm culture dish. Forty-eight hrs after transfection, the levels of ROS were determined by Flow cytometry using the FACS Caliber system (BD Biosciences, San Jose, CA) with Total ROS/Superoxide detection Kit (Enzo) according to the manufacturer's instructions. Briefly, cells were washed with 1X PBS and incubated with the ROS (Green) detection solution at 37°C for 30 min in the dark. At least 1 × 10 4 cells were analyzed for each sample. The percentage of ROS-positive cells was calculated using the FlowJo software. Signals produced by ROS will be detected in the FL1 channel. Cells with increased levels of ROS demonstrate a bright green staining in the presence of the ROS Detection Reagent and can be registered in FL1 channel. Such cells will appear in the upper and lower right quadrants of a log FL1 (X-axis) versus a log FL2 (Y-axis) dot plot. Quantification data were derived from three biological replicates. Positive control cells were treated with 100 µM Pyocyanin (a ROS inducer) for 30 minutes. Negative control cells were treated with 5 µM N-acetyl-L-cysteine (a ROS Inhibitor) for 30 minutes followed by treatment with 100 µM Pyocyanin (ROS inducer) for another 30 minutes. Cells were stained using the ROS detection Kit and analyzed by flow cytometry ( Figure  S7 ). Untreated cells were used as a negative control. Cell debris was ungated and compensation was performed using Pyocyanin-treated samples.
Fluorescence microscopy imaging
Cells grown on coverslips in 24-well plate wells were transfected and incubated for 48 hours. The cells were quickly rinsed with warm 1× PBS and subsequently fixed with 2% paraformaldehyde (Merck) at room temperature in dark for 30 min. Each coverslip was carefully inverted onto a microscope slide containing VECTASHIELD® hard-set mounting medium containing 4',6-diamidino-2-phenylindole (DAPI) (Vector Laboratories). Fluorescence imaging was captured by the Nikon Eclipse Ti epifluorescence inverted microscope or the Zeiss LSM710 confocal microscope.
Semi-quantitative analysis of mitochondria fragmentation index
The mitochondria morphologies were visualized by the Eclipse Ti epifluorescence inverted microscope (Nikon). Images were taken by the NIS-Elements documentation software (Nikon). To monitor the mitochondrial morphology, STHdh striatal neuronal cells were transfected with a mito-eGFP expression plasmid reporter construct, which encodes a mitochondrial targeting green fluorescence protein (GFP) that allows for visualization of mitochondria [67] . Cells were assigned to one of three groups based on the morphology of their mitochondria [23, 68] . Tubular indicates mitochondria appear in tubule, elongated shape. Intermediate indicates mixture of tubule-shape and small rounded mitochondria. Fragmented indicates small rounded mitochondria. More than 100 cells were examined in each experiment.
Measurement of mitochondrial length
Mitochondrial length was calculated using the measured perimeter of identified objects in cell body and neurites of cortical neurons transfected with pMito-eGFP as described previously [40] . Images were recorded using Eclipse Ti epifluorescence inverted microscope (Nikon). Mitochondrial length was measured using NIS-Elements Documentation software (Nikon). Mitochondrial population was represented in terms of frequency of mitochondrial length present in cortical neurons positive transfected with pMito-eGFP. More than 100 clearly identifiable mitochondria from 10-15 randomly selected cells were measured in each experiment. Quantification data were derived from three independent experiments.
